Understanding the p-toluenesulfonamide/triphenylphosphine oxide crystal chemistry: a new 1:1 cocrystal and ternary phase diagram
Introduction
Cocrystals, crystalline structures composed of two or more neutral components, have the potential to alter the physical properties of solid state materials, and as such are of great interest to the pharmaceutical industry. 1 Research in cocrystallization has greatly increased in recent years; yet large scale production of a commercial cocrystal product remains elusive. This is mainly due to a lack of robustness in cocrystal preparation methods. Solid state grinding, solvent drop grinding and solution methods are routinely used to produce cocrystals, 2-3 but with a certain element of trial and error involved. The majority of the work to date has focused on discovery of new cocrystal structures, although there has been recent work on understanding the mechanism of formation of cocrystals, 4-10 as well as combining prediction and experiment to design novel cocrystal forms.
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Ternary phase diagrams can be used to describe the stability of a desired cocrystal in terms of the concentration of both of the coformers in a given solvent. [4] [5] [6] [7] [8] [9] [10] Chiarella et al. used ternary phase diagrams to understand the formation of a 1:1 cocrystal of trans-cinnamic acid and nicotinamide. 4 Evaporation of a solution containing stoichiometric amounts of both coformers in methanol yielded the cocrystal, but in water gave only the acid. A phase diagram was constructed by allowing the coformers and the cocrystal to equilibrate individually in methanol and water, with varying coformer ratios. In methanol, it was observed that the solubility curve of the cocrystal crossed the 1:1 stoichiometric ratio line, meaning that it is possible to crystallize the cocrystal from a stoichiometic solution in methanol. In water the cocrystal solubility curve does not cross the 1:1 stoichiometric ratio line, and thus it is not possible to obtain the cocrystal from a stoichiometric aqueous solution. Rodríguez-Hornedo et al. made use of a ternary phase diagram to describe the stability of two cocrystals (2:1 and 1:1 ratios) of carbamazepine with 4-aminobenzoic acid. 7 Both cocrystals could be obtained from slow evaporation of solutions of the coformers in ethanol, with the cocrystal stochiometry dictated by the acid concentration.
Billot et al. used discontinuous isoperibolic thermal analysis (DITA) to produce phase diagrams of an API and glutaric acid in a range of different solvents, and used the results to build a predictive model for cocrystal stability in alternative solvents. 5 A number of authors have reviewed the thermodynamics involved in cocrystal formation. 9, [12] [13] [14] Triphenylphosphine oxide (Ph 3 PO) is an excellent hydrogen-bond acceptor and has therefore attracted attention as a cocrystal coformer. 15 Sulfonamides have also been used as coformers due to their hydrogen-bond donor ability, for example as recently shown by Nangia et al. 16 The commonly observed motif is the R The cocrystallization of TSA with Ph 3 PO was investigated, and herein we report a new 1:1 cocrystal of TSA with Ph 3 PO. The formation of the two cocrystals was investigated in the solid state and in solution, and ternary phase diagrams were constructed to identify regions of stability for each cocrystal in two solvents, acetonitrile and dichloromethane.
Experimental Section
Chemicals. p-Toluenesulfonamide and triphenylphosphine oxide were obtained from Sigma and used as received. Acetonitrile and dichloromethane were reagent grade.
Solid State Grinding Experiments
Grinding experiments were performed using a Retsch MM400 ball mill fitted with 5 mL grinding jars containing one 2.5 mm stainless steel grinding ball per jar. The mill was operated at 30 Hz frequency.
The initial experiment involved grinding a 1:1 ratio of the two coformers for 30 min on a 1 mmol scale.
Subsequent experiments were undertaken on a 1 mmol as detailed in Tables 1 and 2 . C and maintained at this temperature for 1 h. The solutions were cooled at 0. 1 ° C min -1 to 5 ° C, and aged for 24 h. The crystals were isolated, washed with the pure crystallization solvent (~10 mL) and dried in a vacuum oven at 50 °C overnight. Cocrystal form was verified using PXRD.
Crystallization Experiments

Solubility Measurements
The solubility of pure TSA and Ph 3 PO respectively in MeCN and CH 2 Invariant points, also referred to as eutectic points or transition concentrations, are fixed solution concentrations at which 2 solid phases can exist together in equilibrium; in the present work namely TSA and the 3:2 cocrystal (C 1 ), the 3:2 cocrystal and the 1:1 cocrystal (C 2 ), and the 1:1 cocrystal and Ph 3 PO (C 3 ). These points were determined by generating a slurry of the 2 required solid forms, described as (C 1 ), (C 2 ), (C 3 ) above, using the method described by Rodríguez-Hornedo et al.
slurries were equilibrated for 24 h at 20 °C, after which the solvent content of the liquid phase was determined using gravimetric analysis, and the concentration of TSA and Ph 3 PO in the liquid phase was determined using HPLC.
The experimental setup for all solubility measurements consisted of a thermostatic water bath (Grant GR150 with S38 stainless steel water bath; 26 L; stability ± 0.005 °C and uniformity ± 0.02 °C @ 37 °C) with a serial magnetic stirrer plate placed on the base. Agitation was provided by use of 10 mm magnetic stirrer bars in 5 ml glass vials.
Construction of the Ternary Phase Diagram
The solubility of the pure substances and the invariant points were converted to mass fraction on a total mass basis (TSA + Ph 3 PO + Solvent), and plotted on a ternary axis in both MeCN and CH 2 Cl 2 to generate the appropriate ternary phase diagrams using ProSim Ternary Diagram software. Mass fraction was chosen in preference to mole fraction as the use of mole fraction tended to compress the solution phase region making visualization of the solubility curves difficult.
Differential Scanning Calorimetry
DSC was performed on a TA instruments Q1000 incorporating a refrigerated cooling system. Samples (3-5 mg) were crimped in non-hermetic aluminum pans and scanned from 30 to 300 °C at a heating rate of 10 °C/min under a continuously purged dry nitrogen atmosphere.
Single Crystal Diffraction
X-ray diffraction data were collected on a Bruker APEX II DUO diffractometer using graphite monochromatized Mo K radiation ( = 0.7107 Å), and cooled using an Oxford Cryosystems COBRA fitted with a N 2 generator. All calculations were performed using the APEX2 software suite, 19,20 and the diagrams prepared using Mercury 2.4.
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Powder Diffraction
Powder diffraction data were collected on either a Philips X'Pert-MPD PRO diffractometer with nickel filtered copper Cu K radiation ( = 1.5418 Å), run at 40 kV and 35 mA, 2 = 5 -35°, with a step size of 0.02 2 and a scan speed of 0.02 s -1 , or on a Stöe Stadi MP diffractometer with Cu K  radiation ( = 1.5406 Å) run at 40 kV and 40 mA, 2 = 3.5 -60°, with a step size of 0.5 2 and a step time of 30s. 
HPLC Analysis
Results and Discussion
Solid state grinding
Solid state grinding of an equimolar mixture of TSA and Ph 3 PO for 30 min yielded a product which showed the presence of two sharp endothermic peaks at 135 and 139 °C in the DSC analysis, Figure 2 .
The 3:2 cocrystal is known to have a melting point of 138 °C. 17 The PXRD pattern of this product showed the presence of the known 3:2 cocrystal and extra peaks which were not due to an excess of either starting material. (8) ring at the binary level. 22 The PXRD data for the unknown material observed in the grinding experiments is consistent with the single crystal data for this new 1:1 cocrystal. Crystals grown from CH 2 Cl 2 , melting point 138-140 °C, were found to match the reported 3:2 structure. 17 The X-ray diffraction pattern of each form was generated in Mercury 2.4 from the respective crystallographic information files (CIF) file, and is presented in Figure 4 . In order to gain some insight into the stability of the cocrystals, we undertook further grinding experiments. Thus, a 1:1 molar ratio of the two coformers was ground for either a short time (5 min) or a long time (198 min). This was repeated using a 3:2 molar ratio of the coformers. The results (Table 1) suggest that the 1:1 cocrystal is formed first, before transforming into the 3:2 cocrystal if sufficient sulfonamide is present. To test this hypothesis, the following experiments were undertaken: (i) the 1:1 cocrystal was ground with TSA in a 1:1 ratio, (ii) the 1:1 cocrystal (1 equivalent) was ground with TSA (2 equivalents), and (iii) the 3:2 cocrystal was ground with Ph 3 PO in a 1:1 ratio (Table 2 and Supporting Information).
Experiments (i) and (ii) confirm that the 1:1 cocrystal can transform to the 3:2 cocrystal with excess sulfonamide present. Experiment (iii) shows that the 3:2 cocrystal does not transform to the 1:1 cocrystal when ground with an excess of Ph 3 PO. PXRD analysis indicates no changes to either cocrystal over the period of eighteen months. Having examined the stability of the cocrystals in the solid state, we proceeded to undertake solution based stability studies. 
Solubility Measurements
The solubility values for TSA and Ph 3 PO in each solvent at 20 °C are listed in Table 4 . (Table 3) . Selection of a solvent which has a particular affinity for either, or both, coformers is a means of controlling the shape of the ternary phase diagram, and the region of stability for the desired crystal form. 
Conclusions
